Abstract The influence of the packaging films, aerobic and vacuum conditions, and refrigeration storage temperature (0, 4 and 10°C) on colour and texture of raw meat were studied during a 2-week storage period in order to analyze kinetics of colour and texture changes. The rate of redness decrease was most noticeable at the highest storage temperature and aerobic conditions and these changes were well described by the firstorder reaction. Texture parameter reflected a progressive softening during storage for both films. Decrease on shear force of raw beef during storage followed a first-order kinetic model. Temperature dependence of colour and texture change was adequately modelled with the Arrhenius equation.
Introduction
During storage, beef muscles undergo several changes that can affect their quality (Ferguson et al. 2001; Mallikarjunan and Mittal 1996) . These changes are reflected in many characteristics such as colour, tenderness, flavour, and juiciness.
Colour perception plays a major role in the evaluation of meat quality as consumers use the colour as an indicator of freshness and it strongly influences the consumer's purchase decision (Feldhusen et al. 1995; Lanari et al. 2002) . During storage, distribution and display, the processes of oxygenation and oxidation of myoglobin influence colour (Mancini and Hunt 2005) .
On the other hand, texture measurement is associated with the consumer's perception of food response to mastication and manipulation prior to ingestion (Szczesniak 2002) . Meat texture is generally difficult to evaluate using physico-chemical tests, as texture depends on the state and interactions of different muscle components, especially myofibrillar and connective tissues (Campo et al. 2000 ; Koohmaraie and Geesink 2006) .
According to Taoukis and Labuza (1989) , it is necessary to know about the quality loss kinetics of a food to predict its shelf life, in this sense, there is much bibliography of mathematical models to quantify and to predict the rate of growth of microorganisms under environmental conditions with the intention of assuring the hygienic quality of food, thus determining its storage life (Koutsoumanis et al. 2006; Limbo et al. 2010; Shimoni and Labuza 2000) . However, there has been little information available on modelling kinetics of colour and texture transformations during refrigerated storage in raw meat.
On the other hand, refrigeration and vacuum-packaging are increasingly being used as two techniques for enhancing shelf life of perishable foods such as cuts of fresh meat and meat products, using low-oxygen permeable packing materials (Coll Cárdenas et al. 2008; Kandeepan et al. 2011) .
The aims of this work, therefore, were:
i) to analyze the influence of the packaging films and refrigeration storage temperature on colour and texture of raw beef, ii) to analyze kinetics of colour and texture changes by developing related kinetic models which can well describe the associated changes in these parameters of raw beef during storage. ). Vacuum packaging was carried out in a Minidual equipment model MW 4980 (Schokolnik SAIC, Bs As, Argentina). Storage experiments with packaged refrigerated beef were performed at 0, 4, and 10°C. During the experimental study, storage temperatures were recorded using DS1921G Thermochron iButton temperature sensors (USA). Samples were taken out after definite storage periods to determine pH, colour and texture parameters.
Physical determinations For pH analysis, a pH meter with a puncture electrode (Delta Track Inc., ISFET pH 101, Pleasanton, CA) was used. The pH meter was standardized by a two-point method against standard buffers of pH4.0 and pH7.0.
The colour of meat was measured on the surface of meat samples using a hand-held tri-stimulus colorimeter (Minolta Chroma Meter CR-210, Minolta, Osaka, Japan) with an 8 mm diameter measuring area, the equipment was calibrated on the Hunterlab colour space system using a standard white plate (Minolta calibration plate, Y092.6, x00.3136, y00.3196). Colour was described as coordinates: lightness (L: 1000white, 00black), redness (a*±red-green) and yellowness (b*±yellow-blue) of the CIELab scale (CIE 1978) . Six replicates per storage time and packaging films were recorded. Samples under vacuum were removed from the pouch and allowed to bloom for 40 min before evaluating the colour parameters.
In order to monitor beef colour changes over storage, total colour change (ΔE) was calculated. This parameter can be expressed as: Texture of beef was analyzed using a texturometer TAXT2i (Stable Micro Systems Ltd, Godalming, Surrey, UK) operating in the compression mode and using a 25 kg load cell. The equipment was fitted with a Warner-Bratzler knife. Samples of 1 cm 2 (square cross-section), with muscle fibers parallel to the longitudinal axis of the sample were placed on the table, under the V blade, and were cut through as the blade moved down with a constant speed (10 mmmin −1 ).
Results were expressed in Newton's (N) as the maximum force applied before breaking (Maximum Shear Force, MSF). For these determinations six replicates per storage time and packaging films were recorded.
Kinetic modelling Generally, a kinetic model for food quality loss can be expressed as:
where Q is the measured quality index (e.g. color, texture, sensory attribute), t is time, k is the reaction rate constant, which is temperature dependent, and n is the reaction order. Usually, zero order (n00) or first order (n01) kinetics models are used (Singh 2000) for overall quality of frozen foods, nonenzymatic browning and microbial death/growth, oxidative color loss, texture loss in heat processing, respectively. Thus integrating Eq. (2) gives:
First order
where Q 0 represent the initial values of the quality factor Q.
The Arrhenius equation is usually applied to evaluate the temperature dependence of reaction rate constant:
where T is the absolute temperature, T ref the reference absolute temperature, k ref is the reaction rate constant at T ref , E a is the activation energy and R is the universal gas constant (8.31 J/molK).
In the kinetic equations above, (3) and (6) can be fitted by the ordinary methods of linear regression, Q vs time and lnQ vs time, respectively.
In this work, the commercial software OriginPro Version 7.0 (OriginLab Corporation, Northampton, USA) was used to obtain the regression parameters.
Statistical analysis Analysis of variance and pair wise comparisons were computed using SYSTAT software (SYSTAT, Inc., Evanston, IL). Differences in means and F-tests were considered only when P<0.05.
Results and discussion
pH analysis During storage at selected temperatures (0, 4 and 10°C), the pH value was monitored. The pH of samples did not change significantly and maintained the level of 5.6-5.8 until the end of storage, but for 10°C and aerobic condition (LDPE film) pH values were increased up to 6.0 at the end of the storage time probably by proteolysis degradation and accumulation of metabolites of bacterial action on meat (Bhat and Pathak 2010; Muchenje et al. 2009 ).
Colour variation
The most important colour parameter for fresh meat is the redness value (a*). Changes of this value during the storage are shown in Fig. 1 for aerobic (LDPE) and vacuum (ESE) conditions. In general, a* values decreased with increasing storage time; however, in the case of storage at 0°C in vacuum storage, this parameter remained constant along 14 days of storage.
Moreover, our results show that rate of discoloration increases with storage temperature increase (the decrease of redness at 10°C was 50 %). Gill and McGinnis (1995) informed that muscles are less susceptible to discoloration at temperatures below 0°C. On the other hand, redness change was most noticeable due to aerobic conditions, probably because vacuum packaged meat when taken out of the vacuum package it will recover its bright red colour (Mancini and Hunt 2005) .
In order to study the total colour differences between raw meat in relation to temperature storage and packaging films, the values of ΔE (Eq. 1) were calculated. The reference taken in each case was the colour of the control raw meat. The value of ΔE increased as storage temperature increased, and this increase was higher for LDPE (Fig. 1) .
According to Francis and Clydesdale (1975) when ΔE>3 colour differences are obvious for the human eye, in this sense, for vacuum conditions (Fig. 1 ) the colour differences were appreciative by the human eye only at 10°C and after 5 days of storage.
For storage of raw meat, redness and ΔE were adequately modelled by the first-order kinetics (Eqs. 9 and 10, respectively).
where a * 0 and ΔE 0 represented the readings at time zero, a* and ΔE represented the individual readings at any storage condition, and k a * and k ΔE are the reaction rate constant for redness and total colour differences, respectively.
The corresponding kinetics parameters ( k a * and k ΔE ) calculated are summarized in Table 1 . These parameters increased as temperature storage increased, for both films. Besides, the estimated rates for ESE had lower values, compared to the corresponding k for the LDPE films samples, indicating a lower rate of discoloration for vacuum conditions. Temperature dependence of the rates of colour changes was effectively described by Arrhenius equation across the whole temperature range studied and the values of the activation energies were calculated (Table 1 ). The lower activation energies for the redness changes of raw meat stored under air atmosphere (aerobic conditions, LPDE film) indicated that the samples were less sensitive to the change in the storage temperature than were the samples stored under vacuum condition (ESE).
Texture analysis Variation in the maximum shear force, MSF, for raw meat during storage at 0, 4 and 10°C was as shown in Fig. 1 . There was no significant difference (P> 0.05) between aerobic and vacuum conditions for the MSF value at different storage temperature. Texture parameter reflected a progressive softening in the raw meat during storage at 4°C and 10°C, for both films. On the other hand, at 0°C the MSF showed no variation for period of time studied.
Changes in meat tenderness of raw beef during storage have been reported in several studies. According to Koohmaraie (1996) and Zhang et al. (2005) , after 24 h post-mortem, an increase in tenderness is observed as a result of enzymatic degradation of muscle tissue. This degradation is caused by proteolytic enzymes such as calpains and liposomal proteases. Temperature of storage can affect this enzymatic degradation, as well as other factors including: pH, amount and degree of cross-linking of connective tissue, and animal species. Koohmaraie (1996) suggested that ageing can be used to decrease shear force values during post-mortem storage. Our results agree with Lindahl et al. (2010) , who reported that the shear force decreased to the same level when beef cut was stored in high oxygen MA for 10 days as when was stored under vacuum conditions.
The textural changes of raw meat during storage followed a first order kinetic model and fitted well with this model (R 2 >0.95). This behaviour was more noticeable for high temperature of storage showing al lower temperature similar R 2 values for both order. Kinetic parameters, k, are summarized in Table 1 . These values increased with storage temperature increase. These results clearly indicate that the increase of storage temperature produced an increase of meat tenderness.
Temperature dependence of the rates of maximum shear force for LDPE and ESE was adequately described by Arrhenius equation in the temperature range observed. E a values (Table 1) were higher, indicating a greater temperature dependence of the texture indices.
Conclusion
The results of this work indicate that the extent of colour and texture change in raw beef depend on the length of storage period, packaging conditions and storage temperature. Higher temperatures of refrigerated storage produced significant changes for both packaging films. These changes were adequately modelled by the firstorder reaction.
The Arrhenius equation was effective to describe the dependence of colour and texture change on the storage temperature. The activation energies calculated by the equation could be applied on the prediction of raw meat shelf life because consumer acceptability is based on sensory quality criteria, such as colour, texture, taste and flavour.
